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Trajectory and Attitude Simulation
for Aerocapture and Aerobraking

Mrinal Kumar∗ and Ashish Tewari†

Indian Institute of Technology, Kanpur 208 016, India

A combined strategy of aerocapture and aerobraking is presented to achieve a near-circular orbit, starting from
a hyperbolic trajectory, without requiring an orbital insertion burn. Aerothermodynamic force, moment, and heat
flux calculations employ a Maxwellian free-molecular flow model, with Knudsen-number-based interpolations for
the transition regime. The six-degree-of-freedom motion model, including quaternion-based attitude dynamics, al-
lows stability and sensitivity analyses for the atmospheric passes. A spacecraft model with two large panels suitable
for Earth aerocapture is considered. Minor orbit-correction burns at the apoapsis are provided after each pass
for manipulating the periapsis for the next pass to meet the desired aerobraking corridor. It is observed that an
initial orbit of eccentricity 1.6 and relative entry velocity of 12 km/s at 300-km altitude can be reduced to an orbit
with an eccentricity of 0.02, using a total of six atmospheric passes, without exceeding the peak convective heat
flux constraint for the spacecraft or requiring an orbit insertion burn. This result has considerable importance
for low-Earth-orbit space-tug captures and Mars missions, wherein the strategy proposed will lead to significant
savings in spacecraft propellant mass during the orbit insertion and, subsequently, orbit circularization.

Nomenclature
A = reference area
ac = thermal accommodation coefficient
Cp = pressure coefficient
Cτ = tangential stress coefficient
c = reference length
d∞ = freestream dynamic pressure
e = orbital eccentricity
F = external force vector, ∈�3 × 1

J = inertia tensor of the spacecraft, ∈�3 × 3

J11, J22, J33 = principal moments of inertia of the spacecraft
K n = Knudsen number
M = external moment vector, ∈�3 × 1

m = mass of the spacecraft
n̂i = unit normal vector of the i th surface panel
p, q, r = angular velocity components about

the X , Y , and Z body axes
Q = convective heat load on the spacecraft
Q̇ = convective heat flux
Q̇max = maximum convective heat flux
q0, q1, q2, q3 = quaternion components used to describe

body orientation
R = distance of spacecraft center of mass

from the planet’s center
ri = position vector of the i th panel centroid relative

to the center of mass of the spacecraft, ri ∈ �3 × 1

S(ω) = skew-symmetric matrix, ∈�3 × 3

s = molecular speed ratio
TW /T∞ = ratio of wall temperature to freestream

temperature
V = spacecraft velocity measured in the planet fixed

coordinate system
X fo, Yfo, Zfo = forces along the wind axes
α = angle of attack
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β∞ = parameter analogous to an inverse continuum
speed of sound, s = Vβ∞

γ = flight-path angle, defined as the inclination
of the velocity vector with respect to the
instantaneous local horizon, positive
above the horizon

γ̃ = specific heat ratio of air, 1.4
δ = longitude, positive toward east
� = inclination of an elemental panel with respect

to flow direction
θ1, θ2 = deployment angles of the left and right

panels of the spacecraft
λ = latitude, positive above the equator
ρ∞ = freestream density
σN = normal momentum accommodation coefficient
σT = tangential momentum accommodation

coefficient
ς = angle of sideslip
χ = heading angle, defined as the azimuth of the

velocity vector’s projection on the local
horizontal plane, positive toward north


 = rotational rate of the planet
ω = angular velocity vector of the spacecraft, ∈�3 × 1

Superscripts

∗ = inertial frame
· = time derivative

Introduction

M ODERN spacecraft mission design has grown in sophistica-
tion with every passing year. Several novel techniques have

been incorporated into mission profiles and have proved beneficial
to the overall mission structure. Aerobraking1−4 is one such revo-
lutionary technique, which was executed for the first time by the
Magellan spacecraft5 in 1992, although not as a part of the planned
mission. Aerobraking is a method of reducing the spacecraft ve-
locity by making it pass through the higher reaches of a planetary
atmosphere, thereby using the concomitant drag as an “aerodynamic
brake.” The reduction in speed leads to a reduction in the orbit size
when the spacecraft emerges from the atmosphere after the pass.
Aerobraking had to wait until 1997 to become an integral part of a
mission, when the Mars Global Surveyor (MGS) achieved a near-
circular orbit, starting from the highly eccentric orbit resulting from
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the Mars orbit insertion (MOI), by executing the repetitive maneu-
ver spanning over 850 passes.6−8 Both the Magellan and the MGS
missions proved the basic technology of aerobraking, which was
later applied to the Mars Odyssey8 and the Mars Reconnaissance
Orbiter mission designs.

In the available literature, reentry trajectory optimization gen-
erally ignores the attitude dynamics of the spacecraft.9−13 Such
studies employ constant aerodynamic parameters (drag and lift co-
efficients). These assumptions can be considered restrictive to the
generality of the problem, because there can be appreciable changes
in the body attitude during reentry. However, three-degree-of-
freedom (DOF) studies are generally considered sufficient for tra-
jectory design and analysis, in which the entry corridor is predeter-
mined by a separate group of engineers studying aerothermal loads
and specified as design constraints. As an exception, Johnson et al.14

discussed attitude control during the reentry maneuver in their study,
thereby incorporating the rigid-body motion of the spacecraft while
maintaining simplified forms of the equations and using constant
aerodynamic parameters.

After Magellan, the focus shifted to the Aeroassisted Flight Ex-
periment, which drew the attention of researchers to the problem
of an aeroassisted transfer of a spacecraft from a high earth orbit
to a low Earth orbit (LEO).9 However, with the cancellation of the
experiment in 1995, the concentration of research could not go be-
yond the concept of aerobraking, which first needed to be proved.
This was done by the MGS in 1997 and by the Odyssey in 2001.
Therefore, now, the next logical step toward mission optimization is
the aerocapture maneuver. Aerocapture is defined as an atmospheric
pass employed to reduce a hyperbolic orbit to a bound, elliptic one.
A complete study of the aerocapture maneuver, consisting of a tra-
jectory analysis with attitude dynamics and aerothermal constraints,
has not been reported. The most critical design requirement for an
aerocapture mission is the rate of heat transfer (heat flux) because of
atmospheric entry at a hyperbolic velocity. Due to the heat flux lim-
itations, the guidance during aerocapture must necessarily be more
precise than that for an elliptical reentry, and many researchers have
focused on appropriate guidance strategies. Puig-Suari et al.15 con-
sidered the aerocapture of a tethered satellite, whereas Powell and
Braun13 presented guidance laws during a Mars aerocapture maneu-
ver, without discussing the expected heat flux magnitudes. French
and Cruz3 estimated that peak convective heat transfer rates of the
order of 500 W/cm2 could be expected during aerocapture, whereas
Lohar et al.16 gave higher estimates of the heat flux of a spacecraft
executing an aerogravity assist maneuver, in which the velocities
are similar to that for an Earth return mission. Selecting materials

Fig. 1 Schematic of orbit reduction caused by aerobraking.

that can withstand the large heat flux expected in aerocapture is a
major design problem. Among new ablative materials, the phenolic-
impregnated carbon ablator17 (PICA) is capable of handling extreme
heat transfer rates up to 1500 W/cm2. PICA has been used on the
Stardust Comet Return Capsule,18 which will reenter Earth at a rel-
ative velocity of 12.6 km/s in the year 2006.

The present study aims to solve a generalized problem of the at-
mospheric pass. The dynamic model incorporates all six DOF of a
rigid spacecraft, hence enabling the stability and sensitivity analy-
sis during the pass. Although a precise attitude control strategy in
the exoatmospheric phase is always adopted to produce a desirable
reentry attitude, it is possible that such control may be anomalous.
Therefore, in an anomalous attitude and spin rate at reentry, it is
necessary to see whether the spacecraft can be stabilized in the
atmospheric phase without a functioning attitude control. We con-
fine ourselves in this study to open-loop simulations of trajectory
and attitude parameters and their sensitivity to geometric config-
urations and off-design initial conditions. The simulations for the
atmospheric passes are initiated at a geometric altitude of 300 km
with a 21-layer, standard atmosphere to accurately determine the
entry corridor for aerocapture. Despite the tenuous atmosphere at
such altitudes, a hyperbolic entry, coupled with the fact that the drag
coefficient is the highest in the free-molecular regime, may lead to
considerable drag force. Furthermore, to carefully study the rota-
tional stability and sensitivity with respect to large initial angles of
attack and sideslip, caused by a possible failure of an onboard at-
titude control system, the initial conditions must be specified at a
high altitude. In comparison, most previous studies have considered
entry altitudes in the range 120–150 km.

After a bound orbit is established by the aerocapture (Fig. 1), it
is transformed into a circular orbit by executing further passes in
a series of approximate Hohmann ellipses. The number of passes
required will depend on the available heat-shielding capacity of the
thermal protection system of the spacecraft.3 In this paper, the peak
convective heat flux for the first pass has been kept at 450 W/cm2.
Minor orbit-correction burns at the apoapsis are required after each
pass for manipulating the periapsis for the next pass to keep the
spacecraft in the desired corridor for aerobraking.5 The stability
analysis of the maneuvers shows that active control would be not be
required while inside the atmosphere.

The aerodynamic model used first identifies the flow over the
spacecraft as either free-molecular, transition, or continuum, de-
pending on the Knudsen number of the freestream. The force and
moment coefficients are calculated at each time step of integration
by a local surface inclination panel method employing Maxwellian
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velocity distribution of reflected particles. The results of this study
may be applied to a planetary return to LEO (such as a space tug)
or extended to a Mars mission, which will mean a significant sav-
ing of spacecraft propellant mass, given proper shielding for the
spacecraft.

Dynamic Model
The planet-centered, nonrotating frame is taken as the inertial

reference coordinate system. The equations of motion12,19 for the
atmospheric phase are standard and have been developed in a planet-
centric frame, rotating with the planet. Quaternion-based formula-
tion is undertaken to preclude the possibility of singularities at a
pitch angle of 90 deg, which is otherwise a problem with the Euler-
angle formulation. The aerodynamic model calculates forces and
moments with respect to the body axes. They are transformed to
the wind axes via the inertial axes before being employed in the
equations of motion given as follows.

The kinematic equations of particle motion are the following12,19:

δ̇ = V cos γ cos χ

R cos λ
(1)

λ̇ = V cos γ sin χ

R
(2)

Ṙ = V sin γ (3)

The kinetic equations of particle motion (inside the atmosphere)
can be written as follows12,19:

V̇ = −g sin γ + Yfo

m
+ 
2 R cos λ(sin γ cos λ − cos γ sin χ sin λ)

(4)

γ̇ =
(

V

R
− g

V

)
cos γ + X fo

V m
+ 2
 cos χ cos λ

+ 
2 R cos λ(cos γ cos λ + sin γ sin χ sin λ)

V
(5)

χ̇ = −V cos γ cos χ tan λ

R
+ Zfo

mV cos γ

+ 2
(tan γ sin χ cos λ − sin λ) − 
2r cos χ cos λ sin λ

V cos γ
(6)

After emerging from the atmosphere, the spacecraft swings
around in the resulting elliptical orbit before reentering the at-
mosphere. This exoatmospheric phase has been solved with the
Keplerian equations of particle motion written in the inertial frame.
These may be obtained in the same manner as the preceding equa-
tions, with the state variables being all inertial quantities:

δ̇∗ = V ∗ cos γ ∗ cos χ∗

R∗ cos λ∗ (7)

λ̇∗ = V ∗ cos γ ∗ sin χ∗

R∗ (8)

Ṙ∗ = V ∗ sin γ ∗ (9)

V̇ ∗ = −g sin γ ∗ + Y ∗
fo

m
(10)

γ̇ ∗ =
(

V ∗

R∗ − g

V ∗

)
cos γ ∗ (11)

χ̇∗ = −V ∗ cos γ ∗ cos χ∗ tan λ∗

R∗ (12)

In Eq. (10), the thrust Y ∗
fo is nonzero only at the apoapsis, where

an impulsive burn is applied to manipulate the periapsis for the

next atmospheric pass. The following relationships relate the inertial
variables with the noninertial variables9:

δ∗ = δ + 
t (13)

λ∗ = λ (14)

R∗ = R (15)

V ∗ sin γ ∗ = V sin γ (16)

V ∗ cos γ ∗ sin χ∗ = V cos γ sin χ (17)

V ∗ cos γ ∗ cos χ∗ = V cos γ cos χ + 
R cos λ (18)

The kinematic equations of rotational motion are as follows20:

q̇0 = −0.5(q1 p + q2q + q3r) (19)

q̇1 = 0.5(q0 p + q2r − q3q) (20)

q̇2 = 0.5(q0q + q3 p − q1r) (21)

q̇3 = 0.5(q0r + q1q − q2 p) (22)

q2
0 + q2

1 + q2
2 + q2

3 = 1 (23)

The kinetic equations of rotational motion are the following20:

ω̇ = J−1(M − S(ω)Jω), ω = {p, q, r}T

S(ω) =


 0 −r q

r 0 −p

−q p 0


 (24)

Aerothermodynamic Model
The aerothermodynamic model is based on a Maxwellian veloc-

ity distribution of the reflected particles. The spacecraft profile is
developed using three- or four-sided elemental flat panels. As long
as the body is convex with respect to the freestream, the assump-
tion of collisionless nature of the reflected particles is valid. The
flowfield is classified on the basis of Knudsen number as follows20:
K n ≥ 10 (free-molecular flow), 0.01 ≤ K n < 10 (transition flow),
and K n < 0.01 (continuum flow).

For the free-molecular regime, the forces and moments are cal-
culated on the assumption of diffuse reflection of particles from the
body surface. For most engineering surfaces interacting with air, ac,
σN , and σT are all experimentally observed to be close to unity.20 The
thermal accommodation coefficient ac is defined as a ratio of energy
fluxes, depicting the particle–surface interaction as follows20,21:

ac = dEi − dEr

dEi − dEW
(25)

where dEW is the energy flux, were the distribution of the reflected
particles given by the Maxwellian distribution. Similarly, σN and
σT are defined as20

σN = (pi − pr )/(pi − pW ), σT = (τi − τr )/τi (26)

Assuming ac = σN = σT = 1, the following relations describe the
pressure, shear stress, and convective heat flux on an elemental
panel20:

�p

d∞
s2 =

(
2 − σN√

π
s sin � + σN

2

√
TW

T∞

)
e−s2 sin2 �

+
[
(2 − σN )(0.5 + s2 sin2 �) + σN

2

√
TW

T∞
πs sin �

]

× [1 + erf(s sin �)] (27)
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�τ

d∞
s2 = σT s cos �√

π

{
e−s2 sin2 � + √

πs sin �[1 + erf(s sin �)]
}

(28)

Qβ3

ρ∞
=

([
s2 + γ̃

γ̃ − 1
− γ̃ + 1

2(γ̃ − 1)

TW

T∞

]{
e−s2 sin2 � + √

πs sin �

× [1 + erf(s sin �)]
} − 0.5e−s2 sin2 �

)(
aC

4
√

π

)
(29)

Equation (29) describes the heat flux of an elemental panel. To
calculate the maximum heat transfer for the entire spacecraft, the
heat flux of all the individual panels are compared, and the maximum
value is selected. Equations (27) and (28) lead to the evaluation of
Cp and Cτ as follows20:

Cp = �p/d∞, Cτ = �τ/d∞ (30)

Finally, the aerodynamic forces and moments on the body can be
evaluated by summing over the elemental flat panels as follows20:

F
d∞ A

=
p∑

i = 1

{
Cpi (−n̂i ) + Cτi [n̂i × (V̂ × n̂i )]

}
(31)

M
d∞ Ac

=
p∑

i = 1

(
ri × {

Cpi (−n̂i ) + Cτi [n̂i × (V̂ × n̂i )]
})

(32)

For the flow regime in the continuum domain, Eqs. (27–29) are
replaced by the Newtonian approximation such that s → ∞ and
σT → 0. Finally, for the case of transition flow, a logarithmic inter-
polation with respect to the Knudsen number is employed between
the values calculated for the free-molecular flow and the continuum
flow regimes. It must be emphasized that there is no attempt to use
Eqs. (27–32) for continuum flow modeling as such. The aforemen-
tioned Newtonian approximation has been used to have an estimate
for continuum flow, which is in turn used as a base to obtain the
transition flow properties by interpolation between free-molecular
flow and the Newtonian flow.

Results
Spacecraft Model

The atmospheric passes have been simulated using a “box-
wing” model for the spacecraft as shown in Fig. 2. The space-
craft without the panels deployed can be approximated by a
box 2.2 × 2.6 × 1.7 m, which is representative of the Odyssey
spacecraft.22 Odyssey can be modeled as having two 2.5-m-long
panels at the back of the box, each deployed at 90 deg with respect
to the velocity vector.22 For our simulations, we have modified the
configuration of Odyssey by bringing the panels to the front of the
spacecraft and increasing their individual lengths to 7.2 m. This has
been done to make the spacecraft more amenable to aerocapture.
The nominal deployment for either panel is 65 deg, about the pitch

Fig. 2 Spacecraft model.

Fig. 3 Heat flux and drag coefficient calculated for Odyssey spacecraft.

axis, as shown in Fig. 2. The spacecraft mass is taken to be 475 kg,
and the moments of inertia are J11 = 492, J22 = 183, and J33 = 516
(all in kg · m2) about the center of mass, which lies at the centroid
of the box.

Aerothermodynamic Model Validation
Figure 3 shows the maximum heat flux profile and drag coeffi-

cients obtained for an aerobraking pass in the Martian atmosphere.
For this purpose, panel size and configuration corresponding to
the Odyssey spacecraft22 have been used. The simulations have
been carried out for three different initial flight-path angles: −6.44,
−6.54, and −6.64 deg. The quaternion components have been ad-
justed to correspond to zero angle of attack and sideslip at reentry.
The Viking density profile20 has been used in these simulations. The
heat flux profile experimentally measured on the 106th orbit (during
which the greatest heat flux was recorded) of the Odyssey aerobrak-
ing mission8 has been shown in Fig. 3 for comparison. The differ-
ence between calculated drag coefficient values and those reported
in Ref. 22 is less than 5.5% for densities greater than 10 kg/km3,
and less than 8.6% for densities smaller than 10 kg/km3 (Fig. 3).
Furthermore, drag coefficients calculated using the aforementioned
aerodynamic model have been validated for a cone and a flat plate
against analytical results available for such shapes in free-molecular
flow.

Earth Aerocapture and Aerobraking
The nominal (noninertial) initial conditions for the first atmo-

spheric pass (i.e., aerocapture) are as follows: V = 12 km/s; entry
altitude = 300 km; γ = −11.72 deg; χ = 29.8 deg; δ = −132 deg;
and γ = −23 deg. The quaternion components are adjusted to give
zero angle of attack at the start of atmospheric entry. The nominal
flight-path angle has been obtained by trial and error and corre-
sponds to a shallow entry trajectory.

Table 1 shows the relevant results of atmospheric passes 1 through
6. The nominal initial flight-path inclination of −11.72 deg for aero-
capture gives a moderate heat flux and a convenient final orbit with
a 10.5-h period (which allows sufficient time for orbit determination
and correction) and a sufficiently low eccentricity (0.734). During
the aerobraking phase, the peak heat flux is substantially smaller
compared to that for aerocapture. Passes 3–5 achieve essentially the
same velocity decrement, because their zone of operation is about
the same (low points of 100–102 km). It can be seen in Table 1
that, although the velocity change remains approximately the same
in these passes, the peak heat flux reduces steadily. This is due to
the fact that the time spent inside the atmosphere increases with
each pass. Consequently, the drag force accumulated over time re-
mains approximately the same for these passes, although the peak
heat flux decreases due to lower velocities in successive passes. The
time spent inside the atmosphere is reflected in the heat load: the
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Table 1 Results at the end of each atmospheric pass

Q, Ws/cm2 Final Low �V at New low
Pass V∗

i , m/s γ ∗
i , deg �V , m/s Q̇max, W/cm2 (×10−4) eccentricity, e Period, h point, km apoapse, m/s point, km

� = 21.65 � = 66.46
1 12383 −11.35 2234 450 11.76 0.734 10.5 86.6 0.48 90
2 10148 −9.38 1341 149 5.83 0.322 2.57 88.5 2.73 100
3 8809.4 −6.87 302.7 20.6 1.15 0.235 2.16 99.2 0.20 100
4 8504.3 −6.03 352.1 18.9 1.29 0.140 1.81 98.4 1.00 102
5 8150.9 −4.70 369.4 13.0 1.28 0.044 1.54 96.4 5.49 115
6 7786.4 −2.41 106.0 1.7 0.34 0.017 1.48 108 56.6 300

Fig. 4 Important trajectory parameters during passes 1–3.

Fig. 5 Important trajectory parameters during passes 4–6.
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Fig. 6 Peak convective heat flux during the braking mission.

total heat transfer by convection during a pass, which remains ap-
proximately the same for passes 3–5. At the end of the sixth pass,
the apoapsis of the orbit is 330 km, and an apoapsis burn of 56.6 m/s
is required to raise the periapsis to 300 km, resulting in a practically
circular orbit (e = 0.0022). Hence, the circular orbit is accomplished
within 20 h of the first entry with a total impulse of 66.46 m/s, which
is only 6.7 kg of propellant for an initial mass of 475 kg, assuming
a specific impulse of 480 s. This is less than 1.5% of the space-
craft mass. In comparison, only the MOI required about 35% of
the Odyssey spacecraft mass. The elliptical to circular aerobraking
results may also be contrasted with those reported by French and
Cruz3 for Earth, where a �V requirement of 142 m/s (excluding the
capture burn) has been stated, with the braking mission spanning
10 days for achieving a 300-km final circular orbit, starting with a
12-h elliptic orbit.

Figures 4 and 5 show the trajectories for all the passes, and Fig. 6
shows the observed peak convective heat fluxes. The angle of attack
and sideslip are seen to be close to zero (within ±2 deg) during
the first and all the subsequent passes. The body attitude is seen
to oscillate with a frequency of 3.1 rad/s below 150 km altitude.
Figure 7, for the first pass, is typical. Figure 8 shows the inertial
flight-path-angle evolution over the entire braking mission. It is clear
from this figure that at the end of the mission, with the final apoapsis
burn, a near-circular orbit is established. It was observed that despite
the hyperbolic speed of the spacecraft during the aerocapture, the
drag experienced by it at altitudes above 120 km is not significant
to cause a noticeable change in speed. Most of the speed decrement
(Figs. 4 and 5) is obtained in the altitude range from 105 to 86 km.

Sensitivity Analysis
The six-DOF dynamic model permits an analysis of the stability

of the spacecraft motion due to perturbation in various parameters.
Here we present the sensitivity of the spacecraft motion with respect
to the initial flight-path angle, differential panel deployment, initial
angle of attack, and initial body rates.

Sensitivity to Initial Flight-Path Angle
For the first atmospheric pass (aerocapture maneuver), the results

of variation in initial relative flight-path angle are shown in Table 2.
It is evident that the flight-path angle is a very sensitive mission

Table 2 Effect of initial flight-path angle on the first atmospheric pass

Maximum Aerocapture
Low density, kg/m3 Q̇max, successful?

γi , deg point, km (×106) �V , m/s W/cm2 (e, period)

−11.60 91.08 2.853 1039 229 No (1.151)
−11.65 89.20 3.998 1418 305 No (1.014)
−11.66 88.84 4.268 1511 323 Yes (0.981,

551.0 h)
−11.67 88.47 4.565 1611 342 Yes (0.946,

114.7 h)
−11.68 88.10 4.884 1718 362 Yes (0.909,

52.23 h)
−11.70 87.34 5.615 1957 405 Yes (0.827,

20.01 h)
−11.71 87.00 5.978 2091 428 Yes (0.782,

14.14 h)
−11.72 86.57 6.473 2234 450 Yes (0.734,

10.48 h)
−11.73 86.17 6.972 2393 477 Yes (0.683,

8.06 h)
−11.74 85.80 7.443 2561 503 Yes (0.629,

6.36 h)
−11.75 85.40 7.955 2740 527 Yes (0.573,

5.14 h)
−11.80 83.40 11.049 3922 654 Yes (0.223,

2.09 h)
−11.82 82.50 12.674 4631 709 Yes (0.037,

1.50 h)
−11.83 0 Strikes the planet surface No

variable. This is because although a slight change in γ causes a mi-
nor change in the low point of the trajectory, the density increases
significantly, which causes a significant rise in the velocity decre-
ment. The ratio of velocity decrement is in step with the ratio of
densities. For the case of γi = −11.66 deg, the spacecraft is only
just captured by the planet and enters a highly eccentric orbit of
551-h period. Nevertheless, it is not lost and can still be established
in a circular orbit using six passes, with peak heat transfer rates of
323, 166, and 136 W/cm2 for the first, second, and third passes, re-
spectively (compared to 450, 149, and 20.6 W/cm2 for the nominal
mission). At the end of the third pass with these increased peak heat
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Fig. 7 Flow angles and angular motion during the first pass.

Fig. 8 Evolution of the inertial flight-path angle over the entire braking mission.

transfer rates, the orbit is reduced to an eccentricity of 0.16 and is in
approximately in the same state as it was at the end of the third pass
for the nominal mission. On the other extreme, γi = −11.82 deg is
the upper limit for the initial relative flight-path angle because, be-
yond this value, the spacecraft experiences too much drag and hits
the Earth’s surface.

Sensitivity to Panel Deployment
The static stability of the spacecraft shown in Fig. 2 depends

strongly on the angles by which the panels are deployed. It can be
easily seen from Fig. 2 that the maximum permissible deployment

angle of both panels is 72 deg, beyond which the spacecraft becomes
statically unstable because the center of pressure of the panels moves
forward of the center of gravity. This is indeed observed to be the
case upon running simulations for such deployment angles.

There might be a situation in which the panels are deployed asym-
metrically. Such off-design panel deployment occurred during the
aerobraking of the MGS,23 which led to a complete reworking of
its aerobraking strategy. For the configuration presented in this pa-
per, the effect of differential panel deployment on the trajectory was
studied. Table 3 and Fig. 9 contain the results for the first pass. It
is observed that as θ2 is increased above the nominal deflection,
while keeping θ1 at nominal, the spacecraft has a tendency toward
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Table 3 Effect of panel deployment error on trajectory parameters

Aerocapture
Frequency, Q̇max, �V , Peak normal Peak axial successful?

θ1, deg θ2, deg ζmean, deg αmean, deg rad/s W/cm2 m/s load, g load, g (e f , period)

65 65 −0.4 0 3.14 450 2234 0.011 3.88 Yes (0.734,
10.5 h)

65 75 −0.5 −9.1 7.54 438 2402 0.310 4.23 Yes (0.679,
7.90 h)

65 70 −0.4 −4.2 8.48 446 2335 0.130 4.15 Yes (0.701,
17.99 h)

65 60 −0.5 −13.8 9.74 455 1996 0.084 3.80 Yes (0.817,
18.41 h)

65 45 −1.0 13.7 10.68 457 1720 0.186 3.15 Yes (0.901,
52.42 h)

65 40 −1.3 16.8 11.31 456 1584 0.188 2.91 Yes (0.956,
155.88 h)

65 35 −1.5 19.7 11.94 454 1451 0.180 2.68 No (1.003)
65 25 2.4 25.5 11.94 446 1193 0.150 2.21 No (1.095)
65 0 −6.0 39.4 11.94 408 644 0.059 1.15 No (1.299)

Fig. 9 Trajectory for the first pass with differential deflection of panels.

instability. This is to be expected from the observations made ear-
lier about its static stability. At a deployment of 80 deg, the vehicle
becomes unstable, and the angle of attack grows large. However,
once the angle of attack increases beyond 100 deg, the aerodynamic
model used in this study becomes invalid for force/moment pre-
diction for the stated deployment angle of 80 deg. This is because,
at an angle of attack greater than 100 deg, the spacecraft with one
panel deployed at 80 deg will experience flow from the “back,” in
which case the body seeing the flow is no longer convex. Therefore,
the collisionless nature of the reflected flow is not maintained, and
the aerodynamic calculations will be erroneous. However, it can be
stated that, for the case of panel deployment of 80 deg and above for
one panel (with the other at nominal), the angle of attack grows large
while the spacecraft is inside the atmosphere, which is undesirable.

On the other hand, a deployment of less than nominal is more
tolerable in terms of stability but causes a smaller speed decrement
in the pass. Indeed, it is expected that the error in deployment of the
actual spacecraft would be on the lesser side of nominal rather than
on the higher side. Therefore, as is evident from Table 3, stability
would not be a problem for the mission. However, a deployment
error of −25 deg on one panel (65, 40 deg) causes the drag to be

significantly low. Indeed, the spacecraft is barely captured in this
case, and the resulting orbit is not at all desirable (156-h period).
Furthermore, the peak frequency of motion is greater than 10 rad/s
for the (65, 45 deg) case and all cases with less than 45-deg de-
ployment. This is not desirable from the structural point of view.
Therefore, the proper deployment of the panels is a crucial factor
during aerocapture.

Hence, it emerges from the preceding analysis that the spacecraft
configuration used allows for significant differential deflection of the
panels without causing stability problems, although an error in panel
deployment of 25 deg on the lower side will lead to unsuccessful
aerocapture.

Sensitivity to Initial Angle of Attack, Sideslip, and Body Rates
For the atmospheric passes shown in Tables 1 and 3, the angle of

attack and sideslip at the start of entry has been taken to be zero.
However, the anomalous functioning of the onboard attitude control
system may cause a large initial nonzero flow angles.

It is observed that the spacecraft seeks out a zero angle of at-
tack and sideslip despite starting from a perturbed value as high as
100 deg (Table 4 and Fig. 10). The fact that the entry is begun at
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Table 4 Effect of initial angle of attack and sideslip on trajectory parameters

α (Peak ζ (Peak Oscillation Peak normal Peak axial Q̇max, �V ,
αI , deg ζI , deg amplitude), deg amplitude), deg frequency, rad/s load, g load, g W/cm2 m/s

0 0.0 0.14 0.5 3.14 0.011 3.88 450 2234
−20 −4.8 2.0 1.1 6.28 0.081 3.88 451.5 2234
−40 −7.5 5.0 2.0 6.28 0.152 3.88 451.5 2233
−60 0.0 7.0 2.5 6.60 0.24 3.88 451.5 2228
−100 −3.5 16.1 3.2 6.60 0.55 3.89 453 2190
−100 −40 16.1 13.2 6.91 0.55 3.89 453 2189

Fig. 10 Flow angles with differential panel deflection for the first pass.

Fig. 11 Attitude sensitivity to initial yaw, pitch, and roll rates of 0.1 rad/s.
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300 km gives the spacecraft sufficient time to orient itself to a zero
mean angle of attack before it experiences sizeable disturbing mo-
ments from the atmosphere. The oscillation frequency below 120 km
is around 6.2 rad/s and will require structural reinforcement of the
panel. This is the case for all the passes. The peak amplitudes ob-
served below 120 km altitude are tabulated in Table 4. Furthermore,
the trajectory parameters remain almost the same as for the nominal
conditions because of the fact that the spacecraft has a zero mean
angle of attack while inside the dense atmosphere. Consequently,
no noticeable departures from nominal values of velocity decre-
ment, exit flight-path angle, or the maximum convective heat flux
are observed (Table 4).

Initial body rates of 0.1 rad/s about all three principle axes cause
the angle of attack and sideslip to grow initially. However, as is
visible in Fig. 11, they oscillate with smaller amplitude once inside
the dense atmosphere, and the resulting motion is stable.

Conclusions
A combination of the aerocapture and aerobraking maneuvers

has been shown to achieve a circular orbit (e = 0.017) from an open
orbit of high initial eccentricity (e = 1.55). The braking mission is
accomplished in a short span (20 h) and with meager propellant
expenditure. The heat flux during the maneuver is well within the
capability of the PICA, which will have to be used on the spacecraft
shown. However, coating of PICA on the panels will certainly com-
plicate their use as solar arrays (the leeward faces could be used as
solar arrays, while the windward surfaces constitute a heat shield),
and a careful design is required for stowage and deployment of
the panels. Furthermore, the structural design of the panels should
consider the aerothermoelastic loads encountered in each pass. If
such design issues are resolved, the strategy, applied to an Earth
capture of a space tug or a planetary mapping mission, will lead
to enormous savings of fuel. As expected, the initial flight-path an-
gle for aerocapture is an extremely sensitive parameter and needs
to be maintained precisely by active exoatmospheric guidance. The
sensitivity analysis has revealed a high degree of atmospheric flight
stability of the spacecraft despite large perturbations in initial an-
gle of attack, sideslip, body rates, and differential panel deployment,
primarily due to the large swept-back panels. This implies that there
is no requirement for an active attitude control of the spacecraft dur-
ing the atmospheric phase, even if the reentry attitude and spin are
anomalous.
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